Lung cancer is the leading cause of cancer-related death in both man and woman all over the world, and the effectiveness of current treatment is severely limited, with an age-standardized mortality rate of 30.0 per 100,000[@b1]. Non-small cell lung cancer (NSCLC) accounts for about 80% of all types of lung cancer[@b2] and chemotherapy is still the standard treatment method. Although the chemotherapy-based treatment has tremendously improved the symptoms and quality of life of patients with NSCLC, the overall survival rate still remains at a low level. Therefore, there is a highly urgent desire to develop novel and effective agents for the prevention and treatment of non-small cell lung cancer.

Apoptosis, also called type I programmed cell death, is a strictly regulated process of physiological cell death. It evokes cell death through intrinsic (via mitochondria) or extrinsic (via death receptors) pathways and plays an essential role in maintaining tissue homeostasis and normal cell proliferation. The defective apoptosis, together with the uncontrolled cell proliferation can disturb the balance between cell death and cell division, finally resulting in the cancer development[@b3][@b4]. Thereby, drugs that can promote apoptosis and inhibit dysfunctional cell proliferation may be effective to prevent the cancer progression[@b5].

In addition, anti-angiogenesis therapies have become a hot spot in cancer treatment. Angiogenesis is the physiological process to form new blood vessels from pre-existing ones, which involves numerous coordinated endothelial cell activities, including proliferation, migration, alignment and cord formation[@b6]. It has been well established that angiogenesis plays an important role in tumor growth, transplantation and metastasis[@b7], because a functional blood system is required to supply nutrients and oxygen, and to remove waste products[@b8]. Hence, anti-angiogenic therapy has become a promising and valid approach in the development of novel anticancer therapy[@b9]. In recent years, a large number of anti-angiogenic agents have progressed to be studied and thereafter used clinically[@b10]. However, most of these anti-angiogenic agents usually cause normal endothelial cell dysfunction, induce drug resistance of cancer, and do not target tumor cells specifically[@b11]. Therefore, there is a highly urgent need to search for safer and more effective anti-angiogenic agents for the treatment of cancer.

Recently, many polysaccharides from natural source have been found to possess a variety of biological activities, including antitumor and anti-angiogenic activities, and have attracted enormous attention in biochemical and medical areas[@b12]. Numerous studies have reported that natural polysaccharides can inhibit tumor cell proliferation either by directly inducing apoptosis or by triggering immunopotentiation activity in combination with chemotherapy[@b13][@b14]. Moreover, it is also well documented that some polysaccharides from seaweeds such as G*rateloupia longifolid*[@b15], *Fucus vesiculosus*[@b16] and *Codium cylindricum*[@b17] displayed potent anti-angiogenic activity. More importantly, many of the natural polysaccharides are found to be effective and relatively nontoxic substances. Thus, natural polysaccharides possessing the splendid activities of inducing apoptosis and anti-angiogenesis might be ideal candidates for oncotherapy and adjuvant therapy.

Marine algae are rich sources of structurally diverse, biologically active compounds with great potential in the pharmaceutical, food, and biomedical industries[@b18] and they can be mainly classified into three classes based on their pigmentation: Brown algae, Green algae, and Red algae. Among them, brown algae are known to have many different bioactive compounds, including polysaccharides and polyphenols[@b19]. In particular, *Sargassum*, a genus of brown seaweed, has been reported to produce polysaccharides with a low fucose and sulfate content, which possesses neuroprotective[@b20], antioxidant[@b21] and anticancer activities[@b22].

In this study, we isolated and purified a novel polysaccharide SPS from *Sargassum integerrimum*, which is endemic to China and distributes mainly in Naozhou island area of Zhanjiang, Guangdong Province. Moreover, the anti-cancer activities of SPS against human non-small cell lung cancer cell line (A549) and the anti-angiogenic properties both *in vitro* and *in vivo* are also investigated. Our data show that SPS exerts the proliferation-inhibiting effect on A549 cells by inducing mitochondria-mediated apoptotic cell death and cell cycle arrest, and SPS prevents formation of angiogenesis of HUVECs and zebrafish embryos, indicating that SPS could be developed as a novel and potential anti-tumor and anti-angiogenic drug against lung cancer.

Results
=======

SPS inhibited the proliferation of A549 cells
---------------------------------------------

In order to evaluate the proliferation inhibition by SPS, A549 cells were exposed to increasing concentrations of SPS for 12 and 24 h, and cell viability was measured by MTT assay. As shown in [Fig. 1](#f1){ref-type="fig"}, SPS markedly inhibited the growth of A549 cells in a time- and dose-dependent manner. After incubation for 24 h, the inhibition rate of SPS increased from about 2 to 92%, and the highest inhibitory rate was up to 92.1% when its concentration increased to 1.5 mg/ml. The IC~50~ values at 12 h and 24 h were calculated to be 0.67 mg/ml and 0.49 mg/ml, respectively.

SPS induced apoptosis in A549 cells
-----------------------------------

In order to investigate whether the growth-inhibitory effect is related to the induction of apoptosis, A549 cells were treated with 0, 0.2, 0.4 and 0.6 mg/ml SPS for 12 h and the nuclear morphological changes of A549 cells were confirmed by Hoechst 33258 staining ([Fig. 2a](#f2){ref-type="fig"}). Compared with the normal nuclear morphology of the control cells, the cells treated by SPS presented typical morphological characteristics of apoptosis, including nuclear pyknosis, sublobe, fragment shape, and fringe collection. Further confirmation of apoptosis induced by SPS was performed by flow cytometry based on Annexin V-FITC/PI double staining.

The results of flow cytometry analysis ([Fig. 2b,c](#f2){ref-type="fig"}) showed that the apoptosis of A549 cells were remarkably induced after treated with SPS for 12 h, and treatment of A549 cells with SPS in concentrations of 0, 0.4, 0.8 and 1.0 mg/ml resulted in a dose-dependent increase in the numbers of late apoptotic and necrotic cells, from 0.7 to 28.8%, and 0.6 to 12.7%, respectively. These data suggested that the induction of apoptosis at least partly accounted for the growth inhibition of A549 cells.

SPS induced the loss of mitochondrial membrane potential (MMP)
--------------------------------------------------------------

It is generally accepted that the process of apoptosis involves two pathways: the extrinsic pathway and intrinsic pathway, also called the death receptor pathway and mitochondrial pathway, respectively, and the molecular mechanisms involved have been well elucidated up to now. Mitochondrion has been shown to play an important role in the regulation of the intrinsic cell death[@b23] and the dissipation of the mitochondrial membrane potential (MMP) activated by multiple stress signals is recognized as an irreversible step in the death cascade[@b24]. The loss of MMP is also thought to be an important event in the mitochondrial apoptotic pathway[@b25].

To investigate the role of mitochondria in the apoptosis induced by SPS, the effect of SPS on MMP was measured by flow cytometry after A549 cells were stained with JC-1, which is capable of selectively entering mitochondria to form monomers that emit green fluorescence at low MMP, and form JC-1 aggregates that emit red fluorescence at high MMP. Compared with the control group, the number of treated cells emitting red fluorescence significantly decreased while the number of treated cells emitting green fluorescence obviously increased after treated for 12 h with SPS, which suggested the disruption of MMP ([Fig. 3](#f3){ref-type="fig"}). These data indicated that the dissipation of MMP might participate in apoptosis induced by SPS.

SPS induced the generation of reactive oxygen species (ROS)
-----------------------------------------------------------

Oxidative stress refers to an imbalance between pro-oxidant and anti-oxidant factors, and such imbalances may lead to cellular damage[@b26]. Reactive oxygen species (ROS) including superoxide, hydroxyl radical, hydrogen peroxide and singlet oxygen, are the byproducts of mitochondrial respiration chain, and play a key role in oxidative stress. Once ROS accumulate, they can attack many cellular components, such as nucleic acids, proteins and membrane lipids, and finally lead to cell death. Mitochondria are recognized as the predominate source of cellar ROS[@b27], and the generation of cellular ROS is often associated with the loss of MMP[@b28]. Excessive intracellular ROS destroyed the mitochondrial membrane integrity, leading to Cytochrome *c* release, caspase activation, and finally apoptosis[@b29].

Since we tested that SPS could cause the collapse of MMP, we next examined the intracellular ROS generation induced by SPS in A549 cells using DCFH-DA staining. As shown in [Fig. 4a](#f4){ref-type="fig"}, the fluorescence intensity significantly increased compared with the control cells after treated with SPS for 12 h and the generation of ROS triggered by SPS was in a concentration-dependent manner ([Fig. 4b](#f4){ref-type="fig"}). Therefore, we concluded that SPS could boost the production of ROS, which implied that SPS was an apoptotic stimulus and associated with the mitochondria-mediated apoptosis.

Effects of SPS on proteins expressions related to apoptosis
-----------------------------------------------------------

Apoptosis is a strictly regulated process, involving differences of a distinct protein expression. Among various factors related to apoptosis, some pro- and anti-apoptotic proteins can be used as markers of apoptosis. The tumor suppressor protein P53 works as both the inducer[@b30] and regulator of apoptosis, and it has been proved to be involved in the control of DNA damage repair, cell cycle and apoptosis[@b31]. In this study, we conducted western blot analysis to examine the expression level of P53 in A549 cells and the results showed that the expression of P53 increased in a concentration-dependent manner after the cells were treated with SPS for 12 h ([Fig. 5](#f5){ref-type="fig"}), indicating that the SPS-induced apoptosis in A549 cells was involved in the increasing expression of P53.

More and more evidence have demonstrated that Bcl-2 family proteins are the important mediators of apoptosis[@b32] and play important roles in mitochondrial apoptotic pathway. Bcl-2 is an anti-apoptotic member of Bcl-2 family which prevented the cytochrome *c* release from mitochondria to cytosol, whereas Bax is a crucial pro-apoptotic member of Bcl-2 family which promoted the cytochrome *c* release from mitochondria to cytosol[@b33]. The ratio of Bax/Bcl-2 is a major checkpoint in the intrinsic apoptosis pathway[@b34]. Using western blot analysis, we found that, compared with the control group, the expression of Bcl-2 was down-regulated, but the expression of Bax was up-regulated after cells were treated for 12 h by SPS, resulting in an increase in the ratio of Bax/Bcl-2 in a dose-dependent manner ([Fig. 5](#f5){ref-type="fig"}). The findings suggested that SPS treatment caused mitochondria-dependent apoptotic pathway in A549 cells through the up-regulation of Bax/Bcl-2 ratio.

Once cytochrome *c* is released from mitochondria into cytosol, it will combine with Apaf-1, ATP, and procaspase-9 to form the apoptosome assembly[@b35] and trigger the activation of the caspase-dependent mitochondrial apoptotic pathway[@b36]. The apoptosome complex can activate initiator caspase-9, which then activates the downstream effector caspase-3 and induces subsequent cleavage of PARP to execute the apoptotic process[@b37]. To confirm the mechanism of SPS-induced apoptosis in A549 cells, we investigated the involvement of the mitochondria-mediated intrinsic apoptotic pathway by assessing the cleavage of caspases-3, caspase-9 and PARP by western blot analysis. As shown in [Fig. 5](#f5){ref-type="fig"}, the expressions of the inactive form of caspase-9 and PARP decreased while the expressions of the cleaved caspase-3, caspase-9 and PARP increased after A549 cells were treated with SPS for 12 h, suggesting that mitochondria-mediated apoptotic pathway might be involved in SPS-induced apoptosis in A549 cells.

SPS induced G2/M phase cell cycle arrest in A549 cells
------------------------------------------------------

To determine whether the growth inhibitory effect of SPS was due to cell cycle arrest, we investigated cell cycle phase distribution of A549 cells after treated with SPS for 12 h by flow cytometry. As shown in [Fig. 6](#f6){ref-type="fig"}, with the increasing concentrations of SPS, the percentage of cells in G1 period reduced from 72.8 to 52.8%, while the proportion of cells in G2/M phrase increased from 12.3 to 28.5%, indicating that SPS predominantly induced G2/M phrase cell cycle arrest on A549 cells in a dose-dependent manner and partly contributed to the proliferation inhibition of A549 cells.

SPS inhibited the proliferation of HUVECs
-----------------------------------------

Since endothelial cell proliferation is a key component of the angiogenic process, we checked the effect of SPS on the mitogenesis of HUVECs. After HUVECs were exposed to serial concentrations of SPS for 12 and 24 h, cell viability was measured using MTT method. The results showed that SPS exhibited a significant growth-inhibiting effect on HUVECs in a time- and dose-dependent manner ([Fig. 7a](#f7){ref-type="fig"}). Compared with HUVECs without SPS treatment, the proliferation rate decreased by 44.9 and 58.3% after incubation for 12 h, and decreased by 55.0 and 68.6% after incubation for 24 h, when HUVECs were treated with SPS at concentrations of 1.0 and 1.5 mg/ml, respectively.

In addition, the cell cycle distribution of HUVECs treated with SPS was also detected to determine whether cell cycle arrest is related to the SPS-induced proliferation inhibitory effect. As shown in [supplementary Fig. S1](#S1){ref-type="supplementary-material"}, the percentage of untreated cells in G2/M phase is 5.99%. However, when treated with 1.0, 1.5 and 2.0 mg/ml of SPS for 24 h, the G2/M phase proportion of cells increased to 10.35, 10.58 and 19.46%, respectively, indicating that SPS predominantly induced G2/M phase cell cycle arrest on HUVECs concentration-dependently and contributed to the proliferation inhibition of HUVECs.

SPS repressed the migration of HUVECs
-------------------------------------

Migration of endothelial cells plays a vital role in angiogenesis, which is a chemical chemotaxis process. To investigate the influence of SPS on HUVECs migration, both scratch-wound assay and Transwell assay were employed in this study. The results of scratch-wound assay showed that SPS reduced the wound healing of HUVECs clearly ([Fig. 7b](#f7){ref-type="fig"}), and the inhibition rate was in a dose-dependent relationship ([Fig. 7d](#f7){ref-type="fig"}). In the Transwell assay, the data revealed that SPS treatment led to a concentration-dependent reduction in the number of migrated cells ([Fig. 7c](#f7){ref-type="fig"}), and the inhibition rate of migrated cells was 42.9, 61.1, and 67.9%, when treated with 0.2, 0.3 and 0.4 mg/ml of SPS for 8 h, respectively ([Fig. 7e](#f7){ref-type="fig"}). Both findings indicated that SPS could inhibit the migration of HUVECs markedly. Notably, the repression of HUVECs migration induced by SPS occurred at exposure times and concentrations where cell viability was not obviously affected, suggesting that SPS indeed exerted its anti-angiogenic effect by inhibiting endothelial cell migration.

SPS disrupted the tube formation but not the preformed vascular network of HUVECs
---------------------------------------------------------------------------------

Considering that SPS dramatically inhibited HUVECs proliferation and motility, we further explored the effects of SPS on capillary-like tube structure of HUVECs, which is crucial to angiogenesis. The three-dimensional layer of Matrigel experiment was conducted and the data were shown in [Fig. 7f](#f7){ref-type="fig"}. After incubation for 6 h, new capillary-like tube structure was clearly found in the untreated cells ([Fig. 7f](#f7){ref-type="fig"}, panel I), while the new capillary-like tube structure formation was inhibited significantly by SPS treatment ([Fig. 7f](#f7){ref-type="fig"}, panels II and III). Moreover, higher concentration of SPS (0.6 mg/ml) abrogated the cord formation completely ([Fig. 7f](#f7){ref-type="fig"}, panel IV). These results demonstrated that SPS repressed endothelial cell tube formation.

In the preformed vasculature disrupting experiment, different concentrations of SPS (0.2, 0.4 and 0.6 mg/ml) were added after vascular network had already formed on Matrigel for 2 h, then the disruption of SPS on the preformed tubes was examined. The results showed that SPS treatment could not affect the preformed vascular network as it did on the tube formation as described above ([Fig. 7g](#f7){ref-type="fig"}, panels I, II, III and IV). Additionally, the inhibitory effect of SPS on the new cord formation occurred before endothelial cell proliferation was dramatically affected ([Fig. 7a](#f7){ref-type="fig"}), indicating that SPS indeed prevented the process of angiogenesis by inhibiting the tubular structure formation but not disrupting the preformed capillary tubes.

SPS decreased VEGF and VEGFR expressions in HUVECs
--------------------------------------------------

VEGF and its receptor (VEGFR) are important regulators of angiogenesis. To detect the expressions of VEGF and VEGFR in HUVECs treated with different concentrations of SPS, western blot analysis was performed. As shown in [Fig. 7h](#f7){ref-type="fig"}, the protein levels of VEGF and VEGFR reduced significantly in HUVECs when treated with certain dose of SPS, and the reduction was in a concentration-dependent relationship ([Fig. 7i](#f7){ref-type="fig"}). These results suggested that inhibiting the protein expressions of VEGF and VEGFR might contribute to the anti-angiogenic activity of SPS in HUVECs.

Altogether, these data suggested that SPS possessed potent anti-angiogenic activity on HUVECs *in vitro* via inhibiting the protein expressions of VEGF and VEGFR.

SPS blocked vessel formation in Zebrafish embryos *in vivo*
-----------------------------------------------------------

Zebrafish is an excellent animal model for the study of angiogenesis. In the present study, we further confirmed the anti-angiogenic activity of SPS *in vivo* using *Tg (fli1a:EGFP) y1* transgenic zebrafish, which expresses enhanced green fluorescent protein (EGFP) in its endothelial cells of the vasculature, thus providing more resolution and more definitive results. Intersegmental vessels (ISVs) and subintestinal vessels (SIVs) are the most readily observed angiogenic vessels in zebrafish embryos at 72 hpf, and both of them were examined by a fluorescence microscope in our study after zebrafish embryos were treated with various concentrations of SPS for 48 h. As shown in [Fig. 8](#f8){ref-type="fig"}, SPS could dose-dependently inhibit the growth of ISVs and SIVs. Zebrafish in control group formed normal and mature ISVs ([Fig. 8a](#f8){ref-type="fig"}) and developed a smooth basket-like structure SIVs ([Fig. 8d](#f8){ref-type="fig"}). However, ISV formation and SIV basket growth of zebrafish embryos were markedly inhibited by SPS; some of ISVs and SIVs were completely absent, while others were incompletely formed ([Fig. 8b,c,e,f](#f8){ref-type="fig"}), resulting in a significant reduction in the total number of mature ISVs and SIVs compared with the control. The results suggested that SPS impaired angiogenesis both *in vitro* and *in vivo*.

Discussion
==========

In spite of great advances in the treatment of lung carcinogenesis, the growing incidence of the disease and the severely limited efficacy have spurred efforts to develop novel and effective treatment approaches. Nowadays, the medical substances from herbal or natural sources, rather than synthetic drugs, are becoming more popular and provide alternative treatment options for patients[@b38]. In the present study, we evaluated the antitumor and anti-angiogenic properties of SPS, a novel polysaccharide isolated from *Sargassum integerrimum*. SPS inhibited the proliferation and induced mitochondria-mediated intrinsic apoptosis and cell cycle arrest in lung cancer cells. Besides, SPS exerted its anti-angiogenic activity both on HUVECs *in vitro* and zebrafish embryos *in vivo*.

Inhibition of cancer cell proliferation is a critical effect of anticancer agents. The induction of apoptosis, one of the principle mechanisms by which anti-carcinogenic drugs killed cancer cells, can account for the cancer cell growth inhibition. In this study, the novel polysaccharide SPS markedly repressed the proliferation of cancer cells, and induced the mitochondria-mediated intrinsic apoptosis in A549 lung cancer cells, as verified by loss of mitochondrial membrane potential, generation of intracellular reactive oxygen species, an increase in the ratio of Bax/Bcl-2 and the activation of cleaved caspase-3, caspase-9 and PARP.

Cell cycle arrest, another major target for cancer therapy, also can contribute to the inhibition of cancer cells proliferation. Cell cycle distribution is generally considered as a primary parameter in cell survival, growth and proliferation[@b39] and uncontrolled cell proliferation is the typical characteristic of cancer[@b40]. Once the normal progression of cell cycle is affected by cell stress like DNA damage, cells will especially arrest in G2/M or S phase[@b41]. If DNA damage is not repaired, cells will stop the aberrant cell division[@b42] and undergo apoptosis or necrosis. In the present research, the G2/M phase cell cycle arrest, together with the mitochondria-mediated intrinsic apoptosis are responsible for the antitumor activity of SPS against lung cancer.

Of all non-small cell lung cancer cases, 65--75% is detected as locally advanced or metastatic disease, which is highly correlated to the formation of angiogenesis. Angiogenesis is known to be a complex process containing multiple steps[@b43], and SPS could disrupt these steps in endothelial cells, including the proliferation, migration and capillary-like structures formation. This is similar to the fucoidan extract derived from *Undaria pinnatifida*, which exerted anti-angiogenic activity by inhibiting the necessary processes of new vessel formation[@b44]. Notably, SPS displayed much stronger inhibitory effect on migration and cord formation than the proliferation of HUVECs. Moreover, SPS dramatically affected the viability of HUVECs at relatively longer period and higher concentration, indicating that the inhibition on the mitogenesis of HUVECs did not contribute to the repression on migration and tube formation induced by SPS. Importantly, the selecting inhibitory effect on the formation of new vessels but not the preformed tubes, suggested that SPS probably inhibited angiogenesis selectively without any influence on the pre-existing vascular structures, which showed that SPS had the great potential to be developed as anti-angiogenic drugs with minimum side effects.

The angiogenesis-inhibiting activity of SPS was further verified using zebrafish embryo model *in vivo*. Compared with the traditional chick embryo chorioallantoic membrane model (CAM), the zebrafish embryo model possesses several remarkable advantages, including ease of maintenance, transparency of the embryos, and permitting visual observations of developing cells and organs[@b45][@b46]. The zebrafish experiments showed that SPS could markedly block the formation of intersegmental vessels (ISVs) and subintestinal vessels (SIVs) in zebrafish embryos, thus further confirmed its anti-angiogenic effect *in vivo*, which was consistent with the results of HUVEC system *in vitro*. Yu *et al*. reported that ethanol extract of Herba Epimedii affected angiogenesis by acting on VEGF-VEGFR and ANGPT-TIE pathways in zebrafish embryos[@b47]. However, for SPS, the exact mechanism of action on vasculogenesis in zebrafish embroys still need to be elucidated in the future.

Angiogenesis is tightly regulated by a large number of angiogenic factors and their receptors. Among these factors, VEGF and its receptor (VEGFR) play a crucial role in tumor-associated angiogenesis and induce tumor growth and metastasis[@b48]. Therefore, targeting these factors has been pursued as a therapeutic strategy for inhibition of angiogenesis and neovascular survival in tumors[@b49][@b50]. A number of anti-angiogenic agents which inhibit VEGF and VEGFR have been developed[@b48][@b51]. Our present study showed that SPS displayed good repeatability of reduction of the expressions of VEGF and VEGFR, indicating that the anti-angiogenic effect of SPS appeared to be related to its inhibition of the expressions of VEGF and VEGFR. In addition, SPS could also induce cancer cell death via mitochondria-mediated apoptotic pathway and cell cycle arrest. Collectively, SPS is potential to serve as a leading agent for the development of anticancer drugs in the future.

Notably, polysaccharides originated from marine algae have recently been found to possess multiple biological activities, including antioxidant[@b52], antiviral[@b53] and anticancer[@b54]. Our present research showed that algal polysaccharides SPS not only dispalyed anticancer activity through mitochondria-mediated intrinsic apoptosis and cell cycle arrest, but also possessed potent anti-angiogenic activity both on HUVECs *in vitro* and zebrafish embryos *in vivo*. This work will benefit the future drug development of SPS for the treatment of lung cancer and opens up a new line of studies on the anticancer and anti-angiogenic potential of algal polysaccharides.

Materials and Methods
=====================

Materials
---------

Fetal bovine serum (FBS) and RPMI-1640 were purchased from GIBCO (Invitrogen, Grand Island, NY, USA). Hoechst 33258 solution, JC-1 mitochondrial membrane potential detection assay kit, reactive oxygen species assay kit and cell cycle detection kit were supplied by Beyotime Institute of Biotechnology (Shanghai, China). Annexin V-FITC/PI apoptosis detection kit was obtained from Nanjing KeyGEN Biotech. Co., Ltd. (Nanjing, Jiangsu, China). The enhanced chemiluminescence (ECL) was provided by Pierce (Thermo Scientific, New Hampshire, USA). The antibodies against P53, Bax, Bcl-2, VEGF, VEGFR, GADPH and β-actin were purchased from Wuhan Boster Biological Technology, Co., Ltd. (Wuhan, Hubei, China). Antibodies against PARP, cleaved-PARP, Caspase-3, cleaved- Caspase-3, Caspase-9 and cleaved-Caspase-9 were obtained from Cell Signaling Technology (Beverly, MA, USA). Transwell inserts with 8 μm pores polycarbonate filters were provided by Corning company (Corning Costar, Cambridge, MA, USA). Matrigel was the product of BD company (Becton Dickinson, Bedford, MA, USA).

Cell culture
------------

Human lung cancer cell line (A549) and human umbilical vein endothelial cells (HUVECs) were purchased from American Type Culture Collection and cultured at 37 °C in a humidified atmosphere of 5% CO~2~ and 95% air in RPMI-1640 supplemented with 10% FBS.

Cell proliferation viability assay
----------------------------------

Viabilities of A549 and HUVECs were measured by MTT assay. Briefly, logarithmically growing cells were trypsinized from culture dishes and placed into 96-well plate and cultured at 37 °C for 24 h. Cells were treated with the varying concentrations of SPS (0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 and 1.5 mg/ml) for 12 and 24 h, and then 20 μl MTT solution (5 mg/ml) was added into each well. After incubated for 4 h, medium was removed and 150 μl of DMSO was added to each well to dissolve purple crystals of formazan with shaking at 260 rpm for 10 min. Absorbance was measured at 490 nm by a multi-detection microplate reader (infinite M1000 Pro, TECAN, Mannedorf, Switzerland). Relative cell viability was presented as a percentage relative to the control group. The 50% inhibitory concentration (IC~50~) value was determined as the concentration that caused 50% inhibition of cell proliferation. All experiments were performed three times.

Hoechst 33258 staining
----------------------

A549 cells were seeded into 12-well plates, followed by incubation with SPS (0, 0.2, 0.4 and 0.6 mg/ml) for 12 h. Then the cells were fixed with 4% paraformaldehyde for 10 min, washed three times with PBS and stained with Hoechst 33258 solution for another 10 min at room temperature in the dark. Finally, the cells were observed under fluorescence microscopy (Imager A2, Zeiss, Oberkochen, Baden-Württemberg, Germany).

Flow cytometric analysis of apoptosis
-------------------------------------

Detection of SPS-induced apoptosis was performed by flow cytometry (FACS Aria^TM^ II, BD, San Jose, California, USA) using a commercially available Annexin V-FITC/PI apoptosis detection kit. A549 cells (1 × 10^6^) were seeded into 6-well plate and treated with serial concentrations of SPS (0, 0.4, 0.8 and 1.0 mg/ml) for 12 h. The treated cells were harvested and washed with PBS twice. The cell pellets were resuspended in 500 μl of binding buffer, followed by added 5 μl of Annexin V-FITC and PI. After incubated for 10 min at room temperature in the dark, stained cells were analyzed by flow cytometry.

Analysis of the mitochondrial membrane potential (MMP)
------------------------------------------------------

A membrane-permeable lipophilic cationic fluorescent carbocyanine dye, JC-1, was often used to probe the changes of MMP during the early stages of apoptosis. In brief, A549 cells were seeded in 6-well plate and incubated in the absence or presence of SPS (0, 0.4, 0.8 and 1.0 mg/ml) for 12 h, and the cells were incubated further with JC-1 for 30 min at 37 °C in the complete medium. After centrifuged, the cell pellets were washed with staining buffer twice and resuspended in the assay buffer before detected by flow cytometry. Aggregates and monomers of JC-1 were measured in the FL2 channel (red fluorescence) and FL1 channel (green fluorescence), respectively.

Reactive oxygen species (ROS) measurement
-----------------------------------------

The generation of ROS was determined with 2′, 7′-dichlorofluorescein diacetate (DCFH-DA). In brief, A549 cells were cultured for 12 h with the medium containing different concentrations of SPS (0, 0.4, 0.8 and 1.0 mg/ml). After the culture was removed, cells were incubated with DCFH-DA in serum free medium at 37 °C for 20 min and washed three times with serum free medium. Then the cells were collected and further analyzed by flow cytometry.

Cell cycle analysis
-------------------

Cell cycle distribution was studied by measuring the DNA content of nuclei labeled with propidium iodide (PI). A549 cells were treated with varying concentrations of SPS for 24 h. After treatment, cells were harvested by centrifugation, washed with ice-cold PBS and fixed in 70% cold ethanol at 4 °C for 12 h. Thereafter, cells were washed twice and stained with Rnase (10 μg/ml) and PI (50 μg/ml) for 30 min at 37 °C in the dark. Cell cycle distribution was performed using flow cytometry and the percentages of cells at G1, S and G2/M phases were calculated.

Western blot analysis
---------------------

Western blot was conducted to detect the expressions of proteins related to apoptosis and angiogenesis. In short, A549 and HUVECs were treated with various concentrations of SPS for 24 h, and cells were collected by centrifugation, counted using a haemacytometer and lysed with sample lysis buffer (Sigma-Aldrich, Saint Louis, Missouri, USA). After that, protein samples were resolved on 10% SDS-PAGE gels, electro-transferred to nitrocellulose membranes and incubated with primary antibodies and secondary antibodies, and finally detected by enhanced chemiluminescence. The primary anti-P53, anti-Bax, anti-Bcl-2, anti-PARP, anti-Caspase-3, anti-Caspase-9, anti-cleaved-PARP, anti-cleaved-Caspase -3, anti-cleaved-Caspase-9, anti-VEGF and anti-VEGFR antibodies were used for this study. Anti-β-actin and anti-GADPH antibodies were used to normalize for protein loading.

Scratch-wound migration assay
-----------------------------

Scratch-wound migration assay was conducted to assess the migration of HUVECs. HUVECs were incubated in serum-free medium overnight for synchronization and then trypsinized from culture dishes and placed into 96-well plate. After growth to 90% confluence, the scratch-wounds were made by scraping the cell monolayers with sterile pipet tips. Washed twice with PBS, the cells were exposed to medium supplemented with 2% FBS with or without SPS (0, 0.2, 0.3 and 0.4 mg/ml). After incubation for 10 h, three fields of each wound were selected and photographed with an inverted microscope (NIKON TS100, Tokyo, Japan) equipped with a digital camera. The cell migration rate was quantified by measuring the ratio of migration distance to total distance of the wound gap.

Transwell migration assay
-------------------------

Transwell Boyden chamber was used to determine the migration of HUVECs. Briefly, the lower compartment contained 0.6 ml of RPMI-1640 medium supplemented with 20% FBS. HUVEC cells (5 × 10^5^) were resuspended in 100 μl medium containing 1% FBS and different concentrations of SPS (0, 0.2, 0.3 and 0.4 mg/ml), and seeded into the upper compartment of each well. Cells were then incubated for 8 h to allow cell migration through the filter membrane to the lower side of the insert. After washed with PBS, cells were fixed with 95% ethanol and stained with 0.1% crystal violet. Then the non-migrated cells on the upper side of the filter were gently removed using cotton swabs and the migrated cells on the lower side of the filter were observed and counted in five random fields. The inhibition rate of migration was calculated as follows: Inhibition rate = \[1 − (migrated cells treated/migrated cells control)\] × 100%.

Tube formation assay
--------------------

The effect of SPS on the ability of HUVECs to form capillary-like structures on Matrigel was evaluated. Briefly, Matrigel which was thawed at 4 °C overnight, was diluted with serum-free medium, layered in a 96-well plate and incubated at 37 °C for 30 min to allow polymerization. Then, HUVECs (3 × 10^4^ cell/well) were plated onto the Matrigel layer in the culture medium containing varying concentrations of SPS (0, 0.2, 0.4 and 0.6 mg/ml). After incubation for 6 h, the tube-like structure was visualized and imaged under an inverted microscope (NIKON TS100, Tokyo, Japan). For the preformed vasculature disrupting experiments, we conducted it according to the method described before with minor modification[@b44]. In short, the certain concentrations of SPS (0, 0.2, 0.4 and 0.6 mg/ml) were added to the cells after tube formation had come into being for 2 h. After SPS administration for 12 h, the disruption on the tube-like structure was photographed from randomly chosen fields by an inverted microscope.

Zebrafish culture, embryo handling and drug administration
----------------------------------------------------------

*Tg* (*fli1a:EGFP*) *y1* transgenic zebrafish were maintained as described before[@b55] and all zebrafish experiments in this study were approved by IOCAS (Institute of Oceanology, Chinese Academy of Sciences) Laboratory Animal Care and Ethics Committee in accordance with the animal care and use guidelines. *Tg* (*fli1a:EGFP*) *y1* transgenic zebrafish were maintained at 28 °C on a 14/10 h (light/dark) photoperiod and food was freely available. The zebrafish embryos were generated by natural pair-wise mating (3--12 months old). Dead or unfertilized embryos were removed in the first few hours of development and healthy embryos were selected and arrayed in 24-well plates with ten embryos per well. Embryos at 24 h post-fertilization (hpf) were treated with 1 and 4mg/ml of SPS for 48 h, with the corresponding solvent served as vehicle control. Each sample group contained 30 embryos. After drug administration, the enhanced green fluorescent proteins-expressing endothelial cells of the vasculature in intersegmental blood vessels (ISVs) and subintestinal vessel plexus (SIVs) were observed and recorded using a fluorescence microscopy.

Statistical analysis
--------------------

All data were expressed as means ± SD. Statistical analysis was performed using student's *t*-test to determine the significance between groups. Differences of *P *\< 0.05 were considered statistically significant.
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![Concentration- and time-dependent cytotoxic effects of SPS on A549 cells.\
Cells were cultured in 96-well plate and treated with different doses of SPS (0--1.5 mg/ml) for 12 and 24 h. The cell viability was analyzed by MTT assay. Data are presented as means ± SD of three independent experiments (n = 3). \**P *\< 0.05, \*\**P *\< 0.01 *versus* medium control.](srep26722-f1){#f1}

![Effects of SPS on cell apoptosis in A549 cells.\
(**a**) After treated with 0, 0.2, 0.4 and 0.6 mg/ml SPS for 12 h, A549 cells were stained by Hoechst 33258 solution and visualized by a fluorescence microscopy. White arrows indicated the sublobe, fragment shape, and fringe collection of cell nucleus. (**b**) Representative dot plots of Annexin V/PI staining. A549 cells were treated with indicated concentrations of SPS (0, 0.4, 0.8 and 1.0 mg/ml) for 12 h, and stained with Annexin V-FITC/PI solutions according to the manufacturer's manual, and detected using flow cytometry. (**c**) Column bar graph of apoptotic cells. Annexin V^−^/PI^−^ (lower left) cells were represented survivals, Annexin V^+^/PI^−^ (lower right) cells were defined as early apoptotic cells, Annexin V^+^/PI^+^ (upper right) cells were recognized as late apoptotic cells, Annexin V^+^/PI^−^ (upper left) cells were considered as necrotic apoptotic cells. All experiments were performed n = 3 in replicates.](srep26722-f2){#f2}

![SPS induced the loss of mitochondrial membrane potential in A549 cells.\
After treated with different concentrations of SPS (0, 0.4, 0.8 and 1.0 mg/ml) for 12 h, cells were collected, washed, stained by JC-1, and then detected by flow cytometry. All assays were conducted in replicates.](srep26722-f3){#f3}

![SPS induced the generation of reactive oxygen species (ROS) in A549 cells.\
(**a**) Cells were treated with the indicated concentrations of SPS (0, 0.4, 0.8 and 1.0 mg/ml) for 12 h and stained with DCHF-DA, followed by analyzed by flow cytometry. (**b**) Quantitative evaluations of ROS production triggered by SPS. Data are presented as a percentage relative to the control group (\*\**P* \< 0.01 versus control group). All experiments were performed n = 3 in replicates.](srep26722-f4){#f4}

![Effects of SPS treatment on the expression of proteins related to apoptosis by western blot analysis.\
A549 cells were treated with 0, 0.4, 0.8 and 1.0 mg/ml SPS for 24 h, and the expression levels of protein related to apoptosis were examined by western blot.](srep26722-f5){#f5}

![SPS induced G2/M phase cell cycle arrest in A549 cells.\
(**a**) Representative histograms of DNA content in the cells incubated with SPS at 0, 0.1, 0.2 and 0.4 mg/ml for 12 h. (**b**) Percentage of cell population in G1, S, and G2/M phase. All experiments were performed n = 3 in replicates.](srep26722-f6){#f6}

![The anti-angiogenic activity of SPS on HUVECs *in vitro*.\
(**a**) Dose- and time-dependent growth-inhibiting effects of SPS on HUVECs. Cells were cultured in 96-well plate and treated with different concentrations of SPS (0--1.5 mg/ml) for 12 and 24 h. The cell viability was analyzed by MTT assay. Each data indicated the mean ± SD of three independent experiments (n = 3). \**P *\< 0.05, \*\**P *\< 0.01 *versus* medium control. After A549 cells were treated without (I) or with 0.2 (II), 0.3 (III) and 0.4 (IV) mg/ml of SPS for 8--10 h, cell migration was analyzed using scratch-wound assay (**b**) as well as Transwell assay (**c**). Quantitative evaluations of HUVECs migration induced by SPS in the scratch-wound assay (**d**) and Transwell assay (**e**). (**f**) SPS inhibited the formation of new capillary tube of HUVECs. HUVECs were plated on the surface of the Matrigel in a 96-well plate, where endothelial cells could align and form cords, and treated without (I) or with 0.2 (II), 0.3 (III) and 0.4 (IV) mg/ml of SPS for 6 h. (**g**) SPS did not disrupt the preformed vascular network of HUVECs. After the new tube-like structures established, various concentrations of SPS, 0 (I), 0.2 (II), 0.4 (III), and 0.6 (IV) mg/ml were added, and incubated for another 12 h. The disruption on the preformed tubes was observed and recorded using an inverted microscope. (**h**) After treated with SPS for 24 h, HUVECs were lysed and western blotting analysis was performed to detect the expressions of VEGF and VEGFR. (**i**) Histograms showed the quantitative evaluation of VEGF and VEGFR protein levels, which were measured by Image J and results were normalized to untreated cells.](srep26722-f7){#f7}

![SPS affected vessel formation in zebrafish embryos.\
*Tg (fli1a:EGFP) y1* transgenic zebrafish embryos (n = 30) were treated without (**a**,**d**) or with 1.0 (**b**,**e**) and 4.0 (**c**,**f**) mg/ml of SPS for 48 h, then embryos were observed for viability and gross morphological changes under a fluorescence microscope. Intersegmental vessel (ISV) and basket-like structure subintestinal vessel (SIV) were indicated by white arrows and dotted line circles, respectively.](srep26722-f8){#f8}
